Background. Xpert MTB/RIF, the first automated molecular test for tuberculosis, is transforming the diagnostic landscape in low-income countries. However, little information is available on its performance in low-incidence, high-resource countries.
for obtaining sputum sample (spontaneous vs induced), and accuracy of routine smear and culture tests, may differ between high-and low-resource settings. Yet, the performance of the test has not been studied in routine use in high-resource, tertiary-care settings with low incidence of tuberculosis [4, 5] . It is therefore critical to generate evidence on whether existing data and policies are transferrable to these settings [2] .
In Canada, the current tuberculosis incidence is 4.6 per 100 000 population, with two-thirds of cases among immigrants [6] . Most pulmonary tuberculosis disease in Canada (as in other low-incidence settings) is smear negative (66%), and therefore diagnosed only by liquid culture-based techniques that typically take 2-3 weeks to provide a result [7] . Delays in diagnosis and treatment can increase patient morbidity and mortality [8, 9] . Although smear-negative cases are less infectious than smearpositive cases, they may account for up to one-fifth of all secondary transmission [10, 11] . Furthermore, the suspicion of tuberculosis has economic and resource implications for the healthcare system, as patients may be hospitalized for respiratory isolation while undergoing the relevant investigations.
The Xpert assay may enhance accurate and rapid detection, as it can detect up to 67% of smear-negative cases [1] . In addition, it might be suitable for use at the point of care as the test's sample reagent has potent tuberculocidal properties, thus largely eliminating biosafety concerns [12] . With the use of Xpert at the point of care and the availability of results within hours, patients can potentially be diagnosed with tuberculosis at their first visit, which would conceivably shorten the time to treatment and reduce transmission. However, there are limited data on the use of Xpert at the point of care, outside of laboratories [13, 14] .
With this study, we aim to improve the understanding of the accuracy and the potential impact of Xpert in a low-incidence, high-resource setting.
METHODS

Study Participants
Consecutive patients aged ≥18 years, referred to the Montreal Chest Institute Tuberculosis Clinic for evaluation of suspected active pulmonary tuberculosis, were recruited. The institutional review board of the McGill University Health Centre, Montreal, Canada, approved the study.
Specimen Collection/Processing
Sputum samples, induced using 3% hypertonic saline solution and an ultrasonic nebulizer, were collected from all patients with possible/suspected pulmonary tuberculosis. Two samples were obtained from all consenting patients on the day of enrollment. The first sample was processed in standard fashion in the clinical microbiology laboratory, including smear (Auramine O method) and liquid culture (Mycobacterium Growth Indicator Tube, Becton Dickinson). The second sample was used for Xpert testing. Two additional samples were collected for smear and culture.
The Xpert test was performed at the tuberculosis clinic according to the standard protocol for unprocessed samples, per the manufacturer [15] . Further information is available in Supplementary Appendix A and Supplementary Figure E1 .
When we began the study, Xpert had been endorsed by the World Health Organization [16] . Approval of the test by Health Canada followed in 2012. Because Xpert was done outside the hospital-approved clinical lab, test results obtained as part of the study were not made available for clinical decision making. However, following approval of the test by Health Canada (after enrollment of 394 subjects), the microbiology laboratory was alerted of any positive Xpert result and a conventional nucleic acid amplification test (NAAT) (Cobas TaqMan MTB, Roche Diagnostics, Switzerland) was performed. Of note, clinical laboratory protocol is to perform the NAAT on all smear-positive specimens and mycobacterial isolates growing on culture; it is performed only by request on smear-negative specimens.
The reference standard was liquid culture on 3 processed samples, followed by phenotypic culture-based drug susceptibility testing (DST) at the provincial reference laboratory [17] . For all discrepant results (ie, rifampin resistant on Xpert but susceptible on DST), sequencing of the rpoB gene was performed (Supplementary Appendix B). From January 2012 onward, all M. tuberculosis isolates were also routinely typed using mycobacterial interspersed repetitive units typing. From these data, we determined that 1 positive culture result (Xpert negative) could have been due to cross-contamination in the laboratory and therefore was excluded from all analyses.
To assess the limit of detection of Xpert and the potential impact of hypertonic saline on the performance of Xpert, we added bacille Calmette-Guerin (BCG) at concentrations of 250 colony-forming units (CFU)/mL (n = 6), 125 CFU/mL (n = 8), 62 CFU/mL (n = 8), and 31 CFU/mL (n = 10) to normal and 3% hypertonic saline, then submitted these samples for Xpert sample preparation and testing as above.
Statistical Analysis
All data were collected and entered into a database by one of the study authors (A. D. A.). Another study author (C. M. D.) crosschecked a subset of data. The analysis was done using Stata/SE 12.0 software (StataCorp, College Station, Texas).
We calculated sensitivity, specificity, and exact binomial confidence intervals of Xpert compared to the culture reference standard. We assessed the accuracy of rifampin resistance testing on Xpert compared with culture-based DST.
We assessed clinical impact of all diagnostic methods by examining the interval from procuring the first sample to obtaining the relevant diagnostic result. Furthermore, we obtained the time from first sputum collection to treatment initiation and the days of empiric treatment given prior to culture confirmation. We compared this with the time when the Xpert result would have been available to the physician, if results had been shared (Supplementary Figure E2) .
We used Standards for the Reporting of Diagnostic Accuracy [18, 19] for reporting the study results.
RESULTS
Between October 2011 and May 2013, we enrolled 502 consecutive patients who presented to the tuberculosis clinic for evaluation of possible active tuberculosis (Supplementary Appendix C). The median age of subjects was 44 years (interquartile range [IQR], 31-61 years) and 44% were female (Table 1) . Persons referred for immigration-related screening constituted the largest number of subjects (294 [59%]), and only 93 subjects were born in Canada (18.5%). Many (44%) were born in countries with very high tuberculosis prevalence (>100/100 000). Only 12 subjects were infected with human immunodeficiency virus, and 15 subjects had other immunocompromising comorbidities (5%). A history of prior active tuberculosis was reported by 111 subjects (22%).
A sizeable fraction of subjects were referred for evaluation in the context of an immigration screen that yielded a chest radiograph with a possible tuberculosis-related abnormality (22%; Table 2 ). Others were contacts of active tuberculosis cases, who had positive tuberculin skin tests (5%). Only 18% had symptoms suggestive of active tuberculosis (ie, fever, cough, night sweats, weight loss) and overall, 74% had an abnormal chest radiograph (19% of these with findings highly suggestive of active tuberculosis, ie, cavitation and/or apical fibronodular disease; Table 2 ).
Twenty-five subjects were identified to have active cultureconfirmed tuberculosis. Eleven subjects had smear positive results, but only 7 of these were identified to have M. tuberculosis disease (3 had nontuberculous mycobacteria and 1 was had false-positive results [culture/NAAT negative]).
Noninterpretable Results on Xpert
Noninterpretable results were obtained in 44 (8.8%) samples overall. For most of these tests (37/44 [84%]) the internal control failed. If Xpert yielded an invalid result, repeat testing was 
Xpert Accuracy
Xpert detected 11 of 25 subjects with culture-confirmed tuberculosis, for a sensitivity of 46% (95% CI, 27%-67%) and a specificity of 99.8% (95% CI, 98.7%-100%) for detection of culture-positive tuberculosis ( Table 3 ). The sensitivity was improved in subjects with smear-positive results (86% [95% CI, 42%-100%]) compared with only 29% sensitivity in subjects with smear-negative results (95% CI, 10%-56%). Although sensitivity appeared to be lower with the G4 cartridge (33% [95% CI, 12%-62%]) compared with the G3 cartridge (67% [95% CI, 30%-93%]), the CIs were wide and overlapping (Table 3) . One subject had false-positive results on Xpert (culture negative; no documented pretreatment). In that case, the Xpert result was confirmed by a positive NAAT in the clinical microbiology lab. Eight other subjects who were treated for tuberculosis based on clinical grounds (not culture confirmed) were Xpert negative (no NAAT done).
Rifampin Resistance Results on Xpert
Only 2 isolates were labeled rifampin resistant by Xpert testing. Culture-based DST confirmed only 1 of the 2 to be rifampin resistant. Sequencing of the rpoB gene on the isolate that provided a discrepant result between Xpert and culture-based DST identified a mutation in the 511 locus (Leu > Pro) that is captured by probe A of the Xpert assay (Supplementary Appendix B) .
Evaluation of Low Sensitivity
Evaluation of the limit of detection of Xpert yielded 100% detection of BCG at a concentration as low as 62 CFUs/mL and 80% at a concentration of 31 CFU/mL in normal saline, thus suggesting an even lower limit of detection than that described in the original validation studies on sputum samples [2] . Furthermore, the sensitivity of Xpert was the same in samples with hypertonic saline as with normal saline.
Most participants with culture-positive tuberculosis had minimal disease (Table 4 ). This is suggested by the fact that only 7 of 25 (28%) subjects with culture-positive tuberculosis had smear-positive results, only 12 (44%) had symptoms at presentation, and 2 subjects had no radiographic abnormalities at all. Two of 7 subjects (18%) who had only 1 positive culture (out of 3) were Xpert positive, whereas 9 of 12 subjects (75%) with 3 positive cultures were Xpert positive. In addition, a longer period to culture positivity was noted for subjects with Xpertnegative, culture-positive tuberculosis (28 days [95% CI, 25-47 days]) compared with Xpert-positive/culture-positive cases (14 days [95% CI, 8-21 days]), suggesting a lower bacillary load. The mean cycle threshold value for all Xpert-and culture-positive subjects also was high at 28.2 (SD, 2.9), suggesting a low bacillary burden even in those subjects who were Xpert positive [20] . The presence of symptoms upon enrollment into our study was the one variable that was predictive of Xpert positivity (Table 4) .
Potential Clinical Impact Evaluation
The Xpert result for all subjects was available within 2 hours, on average. However, given that subjects were not always enrolled on initial presentation to the tuberculosis clinic, the time between the first sample and the positive Xpert result for culture-confirmed cases was a median of 25 hours (IQR, 3-93 hours; n = 11). A positive smear result was reported within 26 hours (IQR, 25-51 hours), and a positive culture result was reported after 516 hours (ie, median 22 days; IQR, 336-720) ( Figure 1 ).
The median time to treatment initiation (from initial sample provided) was 1 day for smear-positive cases (IQR, 0-2 days) and 26 days for smear-negative cases (IQR, 4-30 days). For 13 of the 18 smear-negative cases, Xpert was negative and therefore would have not influenced treatment decisions. For the remaining 5 subjects who had smear-negative but Xpert-positive results, treatment would potentially have been started a median of 12 days (IQR, 4-23 days) sooner, if results had been shared with the physicians. Treatment initiation would have been only 1 day earlier, at best, for smear-positive cases.
Subjects with smear-positive results who were ultimately identified not to have tuberculosis in this study were not started on tuberculosis therapy while awaiting culture results, likely because species confirmation by existing NAAT in the clinical lab was usually done within a day of the positive smear, and suspicion of clinicians was low. Thus, Xpert would not have had any impact in preventing unnecessary tuberculosis treatment and possibly contact investigations in these subjects.
DISCUSSION
The Xpert assay has been shown to effectively and rapidly diagnose tuberculosis in low-resource settings where diagnosis has hitherto depended primarily on smear microscopy. In such settings, introduction of Xpert can potentially decrease morbidity associated with diagnostic delay, dropout, and mistreatment even if some persons with smear-negative active tuberculosis are still missed because of imperfect sensitivity [3, 11] . However, the impact of the technology in low-incidence, high-resource settings with full mycobacterial culture and DST capability has not been adequately studied. With the recent FDA approval of this technology, it is important to generate evidence in lowtuberculosis-incidence settings. Our study highlights that in a high-resource, ambulatory, tertiary-care setting, subjects are likely to present early in their disease course with minimal disease, in part detected as a result of active immigration screening. This is suggested by the substantial number of asymptomatic subjects in our study. Furthermore, the time to positivity of mycobacterial cultures in our participants was longer than the expected average for liquid cultures, suggesting a low bacillary load-notably in those with negative Xpert results [21] .
The preponderance of paucibacillary disease likely accounts for the limited sensitivity of Xpert observed. Although the results for smear-positive samples are within the range of previous observations in low-resource settings, the sensitivity of Xpert for smear-negative samples is substantially lower than that reported in a recent systematic review (68% sensitivity) [3] . However, that review involved subjects who were symptomatic on presentation, whereas in our study only 18% of subjects were symptomatic.
Most studies thus far published on Xpert also used expectorated sputum, whereas all sputum samples in this study were obtained by induction. It is conceivable that the dilution of the sample in the process of sputum induction results in even smaller numbers of CFUs in the cartridge. This may contribute to the lower sensitivity of Xpert in our setting, particularly as no concentration step was done prior to Xpert (with the intent to minimize processing steps and equipment as well as biosafety concerns in the clinic), whereas smear microscopy and culture were done on concentrated samples. An effect of hypertonic saline (used for the sputum induction) on the performance of Xpert appears unlikely as the pH of the sample obtained with induction is likely to be only minimally different from expectorated sputum. Furthermore, an evaluation of 32 samples using BCG to compare normal and hypertonic saline did not show any difference.
A decreased sensitivity of Xpert in induced sputa has also been described in preliminary results from a study of South African adults and in the package insert data for Xpert, based on a small number of samples [15] . However, studies in children have shown adequate sensitivity of Xpert in induced sputum [17] . It is conceivable that adults with paucibacillary disease are more likely not to produce sputum, whereas children may have many more reasons why they cannot provide a spontaneous sputum sample (eg, inability to follow instructions), which could explain the discrepant finding.
Concerns have been raised about the limited specificity of Xpert for rifampin resistance detection and thus its positive predictive value in a setting with low prevalence of multidrug resistance [22, 23] . In this study, only 2 subjects were labeled as having rifampin-resistant tuberculosis by Xpert, of which only 1 subject had confirmed resistance on culture-based DST. Sequencing of the rpoB gene of the isolate with the discrepant result suggested a mutation that was associated with increased failure and relapse rates in recent studies [24, 25] . This finding raises some concern about the predictive validity of phenotypic testing for rifampin susceptibility and its use as the gold standard for confirmation of the Xpert rifampin resistance test. Sequencing for confirmation of rifampin resistance detected on Xpert is therefore recommended [26] .
In addition, our study highlights the limited potential impact of Xpert on time to diagnosis and likely also on treatment decisions in a setting where (1) the standard diagnostic algorithm with smear and culture, supplemented by confirmatory NAAT in the laboratory, performs well; (2) there are excellent logistics for transport and analysis of samples and communication of results; and (3) physicians are experienced in the diagnosis and care of tuberculosis subjects (in our tuberculosis clinic, all subjects are seen by pulmonologists).
However, in settings where these conditions are not met (eg, smear microscopy not done on site, NAATs not available, and physicians less experienced in diagnosing tuberculosis), Xpert may still have an important role. The value of the test may be even further increased in more remote areas or in confined populations within a high-resource country, especially if there is a substantial community burden of tuberculosis. A study is currently under way to examine this hypothesis and evaluate the role of Xpert in Aboriginal communities in the Canadian Arctic. Preliminary findings support a potential role for the new technology in this remote setting, where there is limited on-site laboratory capacity (personal communication, G. Alvarez) [6] .
Furthermore, Xpert may be useful in an inpatient setting, where patients typically present later in their disease. In this setting, Xpert may also reduce the time in respiratory isolation for patients suspected of having tuberculosis, and thus result in cost savings [26, 27] .
In summary, we found that the impact of Xpert testing in a low-incidence, high-resource ambulatory setting is limited. These findings underscore a recommendation in the Canadian Tuberculosis Standards that allows the use of the Xpert MTB/ RIF assay in laboratories, but cautions that the use of Xpert should not replace conventional smears and cultures, and recommends that all Xpert results should be confirmed by routine smears and cultures [7] .
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